INTRODUCTION
gating host defense mechanisms against bacterial infections. It has been hypothesized that the deficiency in CFTR can result in intrinsic alterations to phagocyte functions, which may lead to defective bacterial clearance (10, 11) . Alveolar macrophages, one of the major components of innate immunity in the lung, are principally responsible for phagocytosis and killing of invading pathogens before the infiltration of neutrophils (12) . Although increased numbers of alveolar macrophages were found in airways of fetuses and children with CF (13, 14) , few studies have addressed the role of alveolar macrophages in P. aeruginosa infection in CF. Interestingly, alveolar macrophages isolated from lungs of CF patients exhibited no significant differences in either morphological characteristics or the capability to phagocytose P. aeruginosa compared with those isolated from normal subjects (15, 16) . Here we sought to identify factors in CF airways that can impair the ability of alveolar macrophages to phagocytose P. aeruginosa.
High-mobility group box 1 protein (HMGB1), a ubiquitous nuclear DNA binding protein, can be released into the extracellular milieu from both activated immune cells and dying somatic cells. Once released, HMGB1 functions as a potent proinflammatory cytokine and causes epithelial leakage (17) (18) (19) . Direct instillation of HMGB1 into the lung induces pulmonary neutrophil recruitment, tissue injury and inflammation that can be inhibited by coadministration of anti-HMGB1 antibodies (18, 20) . Overwhelming neutrophilic inflammation in the lung plays a critical role in the pathogenesis of CF. Elevated levels of HMGB1 were observed in sputum of CF patients (4), although it was not clear whether the elevated levels of HMGB1 were mainly from the many dead leukocytes in CF sputum. On the basis of the critical role that HMGB1 plays in the recruitment and efferocytosis of neutrophils (21, 22) , it was proposed that HMGB1 is an ideal target for reducing neutrophilic inflammation in CF (23) . However, the clearance of invading pathogens in the lung depends on pulmonary inflammatory responses. Therefore, it is theoretically possible that inhibition of HMGB1 might hinder P. aeruginosa clearance in CF.
In this study, we found that administration of specific neutralizing anti-HMGB1 mAbs in CF mice infected with P. aeruginosa not only inhibited neutrophilic inflammation, but also significantly increased the clearance of P. aeruginosa in the lung and markedly reduced lung injury. Our results demonstrate that HMGB1 significantly contributes to CF pathogenesis by provoking inflammation and suppressing bacterial clearance in the lung.
MATERIALS AND METHODS

Special Reagents
Neutralizing anti-HMGB1 monoclonal and polyclonal antibodies were generated as described previously (17, 24) . Recombinant HMGB1 with a purity of <0.1 pg/μg endotoxin was generated using rat HMGB1 cDNA, which was cloned onto a pCAL-n vector and expressed in Escherichia coli BL21 (DE3) pLysS cells (17, 25, 26) . Contaminating endotoxin was removed from HMGB1 preparation by Triton X-114 extraction (27) . The extent of endotoxin contamination was assessed using the chromogenic Limulus amebocyte lysate assay (Endochrome; Charles River). Green fluorescent protein (GFP)-expressing PAO1, a nonmucoid strain of P. aeruginosa, was cultured as described previously (28, 29) .
Preparation of Bronchoalveolar Lavage Fluids
All human bronchoalveolar lavage fluid (BAL) samples analyzed were obtained from subjects with written informed consent through protocols approved by the Institutional Review Board of University of Vermont, Feinstein Institute for Medical Research and St. John's University. For this study, all CF BAL samples were collected from patients in the midst of a respiratory exacerbation requiring intravenous antibiotics and hospital admission as part of routine clinical care at the time of an acute respiratory exacerbation. Samples were deidentified as per collection protocol. These BAL samples were centrifuged, and the resultant supernatants were stored at -80°C. Mouse BAL was obtained as described previously (30, 31) . Briefly, mice were anesthetized by intraperitoneal injection of sodium pentobarbital (70-90 mg/kg). After a 1-to 2-cm incision was made on the neck, the trachea was exposed and a 20-gauge × 1-inch intravenous catheter was inserted caudally into the lumen of the exposed trachea. The lungs were gently lavaged twice with 1 mL sterile nonpyrogenic phosphate-buffered saline (PBS) solution (Mediatech, Hendon, VA, USA). The samples were then centrifuged and assessed for cell numbers and differentials. The resultant supernatants were stored at -80°C until assayed for the levels of HMGB1 and the total protein content.
Animal Studies
The experimental use of animals presented in this study was approved by the Institutional Animal Care and Use Committees of St. John 
Macrophage Cultures
Murine macrophage-like RAW 264.7 cells (American Type Culture Collection), primary mouse alveolar macrophages obtained from lung lavage fluids and primary peritoneal macro phages obtained from peritoneal fluids were cultured in RPMI 1640 medium (Gibco BRL, Grand Island, NY, USA) at 37°C in 5% CO 2 and supplemented with 10% fetal bovine serum (FBS) (Gemini Biological Products, Calabasas, CA, USA), penicillin and streptomycin (Life Technologies, Grand Island, NY, USA) as described previously (30) . Peritoneal exudate macrophages were obtained by lavaging the peritoneal cavity with 5 mL sterile 11.6% sucrose of either TLR2 -/-or TLR4 -/-or wild-type (WT) C57BL/6 mice after injection of 2 mL sterile 4% thioglycolate broth intraperitoneally to elicit peritoneal macrophages as described (32) . Primary macrophages in either lung lavage fluids or peritoneal exudates were plated in RPMI 1640 medium on FBS-treated chamber slides as described (30, 32) . After removal of nonadherent cells, peritoneal macrophages were treated with BAL from either CF patients or normal healthy controls for 24 h, and alveolar macrophages/ monocytes were fixed in 2% paraformaldehyde and stained with Texas Red X-phalloidin in 1% bovine serum albumin.
HMGB1 Measurement
Levels of HMGB1 in BAL were determined using immunoblotting analysis with the anti-HMGB1 antibody as described previously (17) . In brief, samples were separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), proteins were electrotransferred onto a nitrocellulose membrane and then blocked with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20. The membrane was then incubated with anti-HMGB1 antibodies and then anti-rabbit horseradish peroxidase-coupled secondary antibodies (BioRad, Hercules, CA, USA). After washing, antibody binding was detected by enhanced chemiluminescence plus Western blotting detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Western blots were scanned with a silver image scanner (Silverscaner II; Lacie, Beaverton, OR, USA), and the band intensity was quantified using ImageJ software (NIH, Bethesda, MD, USA).
Phagocytosis Assay
Phagocytic activity of macrophages was determined as described previously with minor modifications (30) . After different exposures, both RAW cells and primary peritoneal macrophages grown on chamber slides were incubated with GFP-expressing P. aeruginosa PAO1 or opsonized FITC-labeled latex beads (Polysciences, Warrington, PA, USA) at 37°C for 60 min. Macrophages were then treated with 0.04% trypan blue and washed with chilled (4ºC) PBS to quench the extracellular adherent particles. To visualize the uptake of P. aeruginosa, both RAW cells and primary macrophages were fixed with 2% paraformaldehyde, washed with PBS and stained with Texas Red X-phalloidin (Molecular Probes, Eugene, OR, USA) in 1% bovine serum albumin. The slides were analyzed using an epifluorescence microscope (Nikon, Melville, NY, USA). The internalization of P. aeruginosa was confirmed by a BioRad MRC 600 confocal scanning microscope as described (30) . Uptake of P. aeruginosa by macrophages was quantified by counting 50 macrophages/ slide and no less than six slides from three independent experiments. of either anti-HMGB1 mAb (αHMGB1) or isotype control antibody (control) 12 h before and at the time of inoculation with GFP-expressing P. aeruginosa PAO1. Eighteen hours later, mice were euthanized, and lungs and BALs were harvested. Neutrophilic inflammation was assessed by the PMN in the BAL (A). Total protein content in BAL (B) and histological analysis (C) were used to assess lung injury. Mean ± SEM, *P < 0.05 (n = 5-6 mice per group of three independent experiments). (C) Representative images of HE-staining lung sections.
R E S E A R C H A R T I C L E
Quantitative Bacteriology
Viable bacterial counts in lungs were determined using CFU assay by plating serial dilutions of the lung homogenates onto BD Difco™ Pseudomonas Isolation Agar (BD, Franklin Lakes, NJ, USA) and cultured at 37°C as described (30) .
Statistical Analysis
Results are presented as mean ± standard error of the mean (SEM) from at least three independent experiments. The data were analyzed for statistical significance using the Student t test or analysis of variance (ANOVA) (Microsoft, Seattle, WA, USA). A P value of ≤0.05 was considered statistically significant.
RESULTS
Anti-HMGB1 mAb reduces P. aeruginosa-induced pulmonary neutrophil recruitment and lung injury in CFTR -/-mice. Inoculation of C57BL/6 mice with P. aeruginosa via oropharyngeal aspiration leads to a severe pulmonary infection and substantial lung injury with marked neutrophil recruitment 24 h after the inoculation (28, 29) . To determine the effects of HMGB1 on infection-induced inflammatory lung injury and bacterial clearance in a CF model, we inoculated P. aeruginosa into CFTR -/-mice that are deficient in CFTR (36, 37) . Neutralizing anti-HMGB1 mAb was administered to CFTR -/-mice inoculated with PAO1, a nonmucoid strain of P. aeruginosa. Infection with nonmucoid strains of P. aeruginosa were observed in children with CF (38) . Anti-HMGB1 mAb significantly reduced P. aeruginosa-induced lung neutrophil infiltration (98.7 ± 4 × 10 5 versus
18.1 ± 1.5 × 10 5 cells/mL; Figure 1A ). The extent of lung injury, measured by total protein content in BALs and histological damage, was also significantly decreased in these mice (62 ± 5.6 × 10 2 versus 31 ± 4.2 × 10 2 μg/mL; Figures 1B, C) . Most of the CFTR -/-mice that had received anti-HMGB1 mAb were observed to be active and healthy, whereas mice that had received isotype control mAb exhibited clinical signs of severe illness, including lethargy and huddling together in the corners of their cages. Together, these data indicate that anti-HMGB1 mAb confers significant protection against neutrophilic inflammation and lung injury in P. aeruginosa-infected CFTR -/-mice.
Therefore, even in the presence of bacterial infection, inhibition of HMGB1 is still an effective approach to reduce neutrophilic inflammation and to mitigate the resulting lung injury in CF. Elevated levels of HMGB1 in CF BAL inhibit bacterial clearance. To determine whether airway HMGB1 plays a critical role in the pathogenesis of CF lung disease, we measured the levels of HMGB1 in BAL obtained from patients with CF. HMGB1 levels were significantly higher in these samples compared with normal healthy volunteers (161.9 ± 24.8 versus 8.05 ± 0.39 ng/mL; Figure 2A ). In addition, we found that the levels of airway HMGB1 in CFTR -/-mice (CFTR-KO)
were significantly elevated, even in the absence of bacterial infection compared with that of sex-and age-matched WT mice ( Figure 2B ). This finding is consistent with previous observations in another murine model of CF (4) . Together, these data indicate that extracellular HMGB1 is elevated in the airways of subjects with CF and high levels of HMGB1 can be accumulated in CF airways even in the absence of bacterial infection.
Macrophages are the first line of defense in innate immunity and play critical roles in the clearance of invading pathogens (12) . To determine whether HMGB1 in CF airways affects innate immunity in bacterial clearance, we examined whether BAL from CF patients can alter macrophage function of phagocytosis. Figure 2C shows that CF BAL significantly suppressed the ability of macrophage RAW 264.7 cells to phagocytose P. aeruginosa compared with BAL from healthy volunteers (CF versus normal; Figure 2C ). Moreover, the addition of neutralizing anti-HMGB1 antibodies abolished the ability of CF BAL to sup- press macrophage phagocytic activity (CF/αHMGB1 versus CF/control; Figure 2C) . These results indicate that HMGB1 in the airways of CF patients is necessary for the decreased phagocytosis of P. aeruginosa by macrophages. Intriguingly, bacterial counts in lungs of the CFTR -/-mice that had received anti-HMGB1 mAbs were significantly reduced even with the diminished neutrophil infiltration, as compared with mice treated with isotype control antibody (10.4 ± 2.91 × 10 5 versus 2.5 ± 0.57 × 10 5 CFUs/lung; Figure 2D ). Thus, neutralizing anti-HMGB1 antibodies not only confer protection against inflammatory lung injury (Figure 1 ), but also enhance the host defense to clear bacteria from lungs of CFTR -/-mice in response to acute infection with P. aeruginosa. Anti-HMGB1 mAb confers significant protection against non-CF P. aeruginosa pneumonia. To address whether inhibition of HMGB1 also enhances bacterial clearance in non-CF bacterial pneumonia, WT C57BL/6 mice were administered with neutralizing anti-HMGB1 mAb before inoculation with P. aeruginosa PAO1. Similar to the observations made in the CF model (Figures 1, 2) , treatment with anti-HMGB1 mAb significantly reduced P. aeruginosa-induced lung neutrophil recruitment ( Figure 3A) . In addition, anti-HMGB1 mAb significantly reduced lung injury (Figures 3B, C) and bacterial counts in the lung (Figure 3D) . The effects of anti-HMGB1 mAb on neutrophilic inflammatory lung injury and bacterial clearance in these mice were dose dependent ( Figure 3) .
HMGB1 is sufficient to impair macrophage phagocytotic function. To investigate mechanisms underlying the enhanced ability to clear P. aeruginosa after inhibition of HMGB1, differential cell counts were evaluated in lung lavage fluids obtained from mice that had received anti-HMGB1 mAbs. Even though anti-HMGB1 mAbs significantly reduced neutrophil influx into the airways (polymorphonuclear leukocytes [PMN]: αHMGB1 versus control; Figure 4A ), the numbers of monocytes/macrophages in airways of mice treated with anti-HMGB1 mAbs were increased, but were not significantly compared with mice that had received isotype control mAbs (Mac: αHMGB1 versus control; Figure   4A ). However, the majority of the monocytes/macrophages isolated from mice that had received anti-HMGB1 mAb exhibited active phagocytosis (61% ± 1%, αHMGB1; Figure 4B ). In contrast, only 18% ± 11% of monocytes/macrophages from control mice were phagocytically active, and phagocytosed microorganisms were not observed in many of these monocytes/macrophages (control; Figure 4B) . To determine whether HMGB1 is sufficient to suppress macrophage phagocytosis, RAW 264.7 cells were treated with recombinant HMGB1 (rHMGB1) (17) . At concentrations ≥10 ng/mL, which are comparable to the levels of HMGB1 detected in CF airways (Figure 2 ), rHMGB1 significantly inhibited the ability of macrophages to phagocytose inert beads in a concentration-dependent manner ( Figure 4C ), as well as P. aeruginosa PAO1 ( Figure 4D ) compared with controls, including trypsinized rHMGB1 or GST peptide tag (GST control) (39) . These data indicate that HMGB1 is sufficient in suppressing the efficiency of airway monocyte/ macrophages in bacterial phagocytosis. This suppression can be attenuated by inhibiting airway HMGB1 with anti-HMGB1 antibodies.
TLR4 mediates macrophage dysfunction in phagocytosis. Recent data indicate that TLR4 is the cognate receptor for HMGB1-mediated activation of macrophages (32) . To investigate whether TLR4 on macrophages is required for signaling macrophage phagocytosis, peritoneal macrophages from either WT C57BL/6 mice or mice that were deficient in TLR2 or TLR4 were used. Similar to the observations made in cultured macrophages ( Figure 2C) , BAL of CF patients markedly suppressed the phagocytic activity of macrophages that were isolated from WT mice ( Figure 5 , WT). However, macrophages isolated from mice that were deficient in either TLR2 or TLR4 were less susceptible to the effects of CF BAL on macrophage phagocytic activity ( 
TLR4
-/-macrophages ( Figure 5 , TLR4 -/-). Although more susceptible than that of TLR4 -/-mice, macrophages isolated from TLR2 -/-mice were less susceptible to CF BAL than those from WT mice ( Figure 5 , TLR2
). These results suggest that functional TLR4 and TLR2 signaling pathways are critical for HMGB1-mediated suppression of P. aeruginosa phagocytosis in macrophages.
DISCUSSION
Airway infection with P. aeruginosa and neutrophilic inflammation are characteristics of the lung pathology in CF (5-7). HMGB1 was implicated in mediating inflammatory lung disease in CF on the basis of its presence in sputum of CF patients (4) . However, the impact of HMGB1 on infection-elicited inflammation, lung injury and the host defense against bacterial infection was not previously known. Using a mouse model of P. aeruginosa pneumonia, we found that not only did a neutralizing anti-HMGB1 mAb decrease P. aeruginosa-induced neutrophilic inflammation, it also reduced bacterial burden and injury in lungs of CF mice. Similar effects by anti-HMGB1 mAbs were observed in non-CF mice with bacterial pneumonia. Alveolar macrophages isolated from mice that received anti-HMGB1 mAbs had significantly higher phagocytic activity than macrophages isolated from mice receiving isotype control mAbs. In parallel with the findings in animal studies, levels of HMGB1 were significantly elevated in airways of CF patients. HMGB1 in human CF lung lavage fluids was necessary and sufficient in the impairment of macrophage ability to phagocytose P. aeruginosa. These findings reveal a novel role for HMGB1 in impairing bacterial clearance as well as neutrophilic inflammation in both CF and non-CF bacterial pneumonia.
Pulmonary inflammation is discordantly regulated in CF. For example, elevated levels of proinflammatory cytokines and pronounced neutrophil infiltration were detected in lung lavage fluids even in the absence of detectable bacteria (40) (41) (42) . However, the mechanisms for this discordant inflammation are not fully elucidated, although several factors, including decreased levels of glutathione (43) and the antiinflammatory cytokine interleukin (IL)-10 (44,45) have been implicated. HMGB1 may play a prominent role in the enhanced inflammatory responses in CF lungs. Administration of HMGB1 markedly provoked an increase in both levels of proinflammatory cytokines, including IL-8, and pronounced neutrophil infiltration in mouse models (17, 18, 21) . The significantly elevated levels of HMGB1 in lung lavage fluids of CF patients (Figure 2A ) provide compelling evidence for the presence of HMGB1 in CF airways. Together with the detection of substantially elevated levels of HMGB1 in sputum of CF patients (4) and airways of CF mice, including CFTR -/-( Figure 2B ) and Scnn1b-transgenic (Scnn1b-Tg) mice (4), these data strongly support the hypothesis that HMGB1 plays a critical role in CF pathogenesis. However, until now, potential mechanisms underlying the role of HMGB1 in CF lungs were not elucidated. P. aeruginosa pneumonia is characterized by pronounced infiltration of neutrophils into the lung, especially in patients with CF (46) . Although vigorous pulmonary inflammation contributes significantly to CF pathogenesis, there are few effective antiinflammatory strategies for CF patients with bacterial lung infection. In this study, we found that anti-HMGB1 mAbs can effectively diminish neutrophil recruitment into lungs of mice in the presence of P. aeruginosa infection (Figures 1, 4) . Intriguingly, anti-HMGB1 mAb-attenuated pulmonary inflamma- Figure 4 . HMGB1 is sufficient to impair macrophage phagocytotic function. C57BL/6 mice (A, B) were treated with 50 μg/mouse of either anti-HMGB1 mAb (αHMGB1) or isotype control mAb (control), 12 h before the inoculation with GFP-expressing P . aeruginosa PAO1 and FITC-labeled latex beads. Four hours after inoculation, mice were sacrificed and BAL harvested. (A) PMN and monocytes/macrophages in BAL were quantified. (B) Alveolar macrophages/monocytes in BAL were plated on chamber slides and stained with Texas Red X-phalloidin. Phagocytic activity of macrophages was quantified by counting 50 cells/slide and no less than six slides from three independent experiments. Scale bar, 10 μm. (C, D) RAW 264.7 macrophages were treated for 24 h with either the indicated concentrations (C) or 10 ng/mL (D) of either recombinant HMGB1 (rHMGB1) or GST peptide tag control (control) or trypsinized rHMGB1 (trHMGB1) and then exposed for 1 h to either FITC-labeled latex beads (C) or heat-killed GFP-expressing PAO1 (D). Macrophages/monocytes in the fields were stained with phalloidin and internalized PAO1 or beads were counted and analyzed (B-D). Data represent mean ± SEM of at least three independent experiments. *P < 0.05 (t test) and # P < 0.001 (ANOVA), compared with the groups that were treated with either GST control or trypsinized rHMGB1. Mac, macrophages.
tion was associated with significantly reduced infection-elicited acute lung injury in both CF and non-CF mouse models of P. aeruginosa pneumonia (Figures 1, 3) . These findings suggest that HMGB1 is critical in mediating inflammatory lung injury resulting from bacterial infection by augmenting recruitment of neutro phils to the lung. Therefore, inhibition of HMGB1 may provide a potential therapeutic approach to control pulmonary inflammation in CF patients. However, diminished neutrophil recruitment might impair bacterial clearance in P. aeruginosa pneumonia because infiltration of neutrophils into the lung is a critical response of the host defense to invading pathogens, including P. aeruginosa (46) (47) (48) .
Besides neutrophils, other leukocytes, notably airway and alveolar macrophages, can play significant roles in bacterial clearance in normal lungs. Compromising macrophage functions in bacterial clearance may result in injury and disease. In patients with chronic obstructive pulmonary disease, impairment of the ability of alveolar macrophages in phagocytosis can comprise the host defense in clearing bacteria, including P. aeruginosa (49) . In addition, hyperoxiainduced suppression of macrophage phagocytosis of P. aeruginosa causes increased susceptibility to bacterial infection, which can lead to increased mortality (30, 50) . Moreover, depletion of corneal macrophages in a mouse model of P. aeruginosa infection resulted in diminished bacterial clearance and keratitis (51) . We found that airway and alveolar macrophages isolated from mice that were inoculated with P. aeruginosa had low phagocytic activity, which can be enhanced by inhibition of HMGB1 (Figure 4B ). As shown in Figures 2 and 4 , inhibition of HMGB1 in lung lavage fluids from either CF patients or CF mice significantly improved macrophage function and reduced bacterial loads in the lung. Serum from CF patients was found to have an inhibitory effect on alveolar macrophage ability to phagocytose P. aeruginosa, regardless of whether the macrophages were isolated from CF patients or normal human controls (15, 16, 52) . Interestingly, Rowe et al. (4) demonstrated a significant elevation in the levels of HMGB1 in serum of CF patients. These studies support our conclusion on the role of HMGB1 in impairing macrophage phagocytotic function. Together, the significantly elevated levels of airway HMGB1 in CF subjects, even in the absence of bacterial infection (Figure 2 [4] ), and the role of HMGB1 in macrophage dysfunction may contribute to the finding that the mice deficient in CFTR had dampened host defense to eliminate bacterial infection (53) . Thus, the results presented in this study demonstrate a novel mechanism by which HMGB1 can impair innate immunity through inhibiting macrophage phagocytosis and interfere with the clearance of P. aeruginosa in CF airways.
At least three lines of evidence demonstrate that the levels of HMGB1 in airway fluids play a critical role in the impairment of macrophage phagocytotic function. Results shown in Figure 4C indicate that HMGB1 impairs macrophage function of phagocytosis in a dosedependent manner. The phagocytic activity was reduced by >50% when macrophages were exposed to HMGB1 at concentrations of ≥100 ng/mL ( Figure 4C ). The levels of HMGB1 in BAL samples of CF patients were 162 ± 25 ng/mL, with a variation of <3-fold ( Figure 2A ) and thus sufficient to impair macrophage function. Indeed, results shown in Figure 2C confirmed this notion: BAL samples from CF patients significantly suppressed macrophage phagocytotic function, whereas neutralizing HMGB1 by specific anti-HMGB1 antibodies attenuated the effectiveness of this impairment ( Figure 2C ). Furthermore, the amount of anti-HMGB1 mAbs used in treating mice with P. aeruginosa infection was critical in modulating host defense to clear invading bacteria. Administration of 5 μg/mouse neutralizing anti-HMGB1 mAb did not significantly affect the host defense to clear bacterial infection compared with the isotype control mAb (Figure 3 ). In contrast, bacterial clearance, infection-elicited acute lung injury and macrophage phagocytic activity were significantly improved with higher amounts (50 and 250 μg/mouse) of anti-HMGB1 mAbs (Figures 3, 4) . Together, these results indicate that the elevated levels of HMGB1 in CF airway fluids correlate with the impairment of macrophage phagocytotic function. ). Macrophages were allowed to grow for 48 h and then treated with either normal human BAL or CF patient BAL and then exposed to heat-killed PAO1 for 1 h. Actin cyto skeleton was visualized by staining macrophages with phalloidin, and internalized PAO1 were counted and analyzed. Insets are images of peritoneal macrophages treated with normal healthy volunteer BAL (Norm). Scale bar, 10 μm. Histogram graphs represent mean ± SEM (n = 4). *P < 0.05 compared to macrophages treated with BAL samples of control subjects.
R E S E A R C H A R T I C L E
The role of HMGB1 in impairing macrophage phagocytotic function was observed only when it was present in the extracellular milieu. When little or no detectable HMGB1 was present in the extracellular milieu, macrophages exhibited normal phagocytic activity even in the presence of abundant HMGB1 in the nuclei (data not shown). On the other hand, addition of HMGB1 protein to the culture media compromised macrophage function in a dose-dependent manner ( Figure 4C ). HMGB1 is a ubiquitous nuclear protein and has been implicated in many vital cellular functions including gene expression, nucleosomal stabilization, mitochondrial respiration and ATP synthesis. HMGB1 knockout mice died of lethal hypoglycemia within 24 h after birth (54) . However, the recent interest in targeting HMGB1 for treating inflammatory diseases is mainly attributed to its role as a potent inflammatory cytokine once released into the extracellular milieu (17) . Results presented in this study reveal another pathogenic function of extracellular HMGB1 in impairing innate immunity to clear invading bacteria. Understanding these distinct intracellular and extracellular functions of HMGB1 is critical in designing effective therapeutic strategies to selectively inhibit the extracellular (pathogenic) function of HMGB1, while maintaining its intracellular (essential physiological) functions.
TLR4 has been shown to be important in mediating HMGB1-modulated proinflammatory responses (32, (55) (56) (57) (58) . It is also involved in inflammatory responses to P. aeruginosa infection (59, 60) . Interestingly, we found that the effect of CF lung lavage fluids on impairing macrophage phagocytotic function was attenuated in the absence of functional TLR4 ( Figure 5 ). These results suggest that TLR2 and TLR4 play critical roles in HMGB1-mediated macrophage dysfunction in phagocytosing bacteria. However, the effective clearance of invading bacteria and improvement of infection-induced lung injury involves processes more than just phagocytosis of bacteria by macro phages. While TLR4 is critical in HMGB1-mediated macrophage dysfunction, it may not be involved in all of the effects that HMGB1 has in bacterial clearance and lung injury. In addition, besides TLR4, other receptors might also mediate the effect of HMGB1 on macrophage functions. Indeed, results presented in Fig ure 5 indicate that HMGB1-compromised macrophage phagocytotic function was also diminished in the absence of functional TLR2, suggesting the involvement of TLR2. Comparably, although TLR4 is one of the most important receptors, other receptors, such as RAGE and TLR2, have been shown to be involved in mediating HMGB1-modulated proinflammatory responses (56) . Moreover, HMGB1 can directly interact with other molecules, such as phosphatidylserine, resulting in downstream effects, such as compromised phagocytosis of apoptotic neutrophils by macrophages (22) . Thus, while administration of neutralizing anti-HMGB1 mAbs improved lung injury and bacterial clearance in this study (Fig ures 1-3) , it is not surprising that deficiency in TLR4 does not result in altered bacterial clearance in response to lung infection with P. aeruginosa as observed (59) . This result is because HMGB1 can impair bacterial clearance and affect lung injury via molecules more than just TLR4, whereas TLR4 mediates bacterial clearance by interacting with molecules more than just HMGB1. Therefore, these results suggest that there is convergence as well as divergence between HMGB1-mediated and TLR4-mediated pathways in clearing invading P. aeruginosa in the lung.
CONCLUSION
In summary, we show that levels of HMGB1 are elevated in lung lavage fluids of CF patients and the HMGB1 in CF BAL is necessary and sufficient in impairing macrophage phagocytosis of P. aeruginosa. Neutralizing anti-HMGB1 antibodies can rescue CF BAL-induced macrophage dysfunction and reduce P. aeruginosa-induced neutrophilic inflammation, bacterial counts in the lung and alveolar injury in both CFTR -/-and WT animals. These findings reveal a novel role for HMGB1 in host defense by both mediating neutrophil infiltration and attenuating bacterial clearance in P. aeruginosa pneumonia. Therefore, inhibition of HMGB1 may provide a novel therapeutic approach to treat patients with CF and bacterial pneumonia.
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